Organo-lead halide perovskites have emerged as a promising light harvesting materials for solar cells.
INTRODUCTION
In the past few years, hybrid organic-inorganic lead halide perovskites have emerged as one of the most promising materials for next generation solar cells owing to their simple solution-processed technique and high efficiency. 1, 2 Since perovskite solar cells (PSCs) were first introduced by the Miyasaka group in 2009, 3 the power conversion efficiency (PCE) has been improved from 3.8% to more than 22 % in 2017. 4, 5, 6 To develop high-performance PSCs, one challenge is morphology and quality control of the perovskite thin films. 7, 8, 9 Full film coverage on the substrate surface reduces shunting paths and improves light absorption, 10 while a low concentration of defects mitigates the photocurrentvoltage (J-V) hysteresis by suppressing the charge trapping. 11, 12 Moreover, the crystal structure and intrinsic electronic properties of MAPbI 3 have been proposed to possibly influence on the photovoltaic parameters. 13 Very recently, the exsistance of crystallographic twin domains in thin film has been also suggested to play a role in the photovoltaic properties of MAPbI 3 .
14 Most of the reported perovskite solar cells are based on methylammonium lead triiodide (MAPbI 3 ) due to a long electron/hole diffusion length, high absorption coefficient, and excellent defect tolerance. 15, 16 One commonly used method to prepare MAPbI 3 thin films is the facile one-step spincoating using a precursor composed from MAI and PbI 2 mixture in a organic solvent (see Scheme 1, path 1). 17, 18 However, it is challenging to obtain highly crystalline perovskite films with full surface coverage using this procedure. 19 Thus, several modifications including solvent engineering, 20 fast deposition-crystallization 21 and the addition of different additives [22] [23] [24] [25] [26] have been developed. These complex preparation methods are sensitive to small changes in the precursors composition and thus reproducibility remains an issue for improving MAPbI 3 films 24 towards the highest performing multication perovskites. 5 Another (less often explored) way to fabricate thin film through one-step deposition method is to use powdered crystalline MAPbI 3 perovskite as precursor (see Scheme 1, path 2). 27, 28 Using this approach, Wang et al. reported on large grained MAPbI 3 films starting from powdered single-crystals. 27 Importantly, the corresponding devices exhibited a higher degree of reproducibility, albeit at a low efficiency 11.7%. Recently, we utilized mechanochemically synthesized polycrystalline MAPbI 3 powder as precursor to fabricate solar cell devices via a one-step deposition method in DMF to enable perovskite thin films with higher phase purity and superior photovoltaic performance (with a PCE of 9.1%) as compared to conventional solution processed devices. 28 These works demonstrated that the use of perovskite powders for thin film formation has advantages in providing a higher degree of control of the stoichiometry, high reproducibility, stability and material phase purity. Moreover, J-V hysteresis in the fabricated MAPbI 3 devices was reduced compared to solution-processed solid-state photovoltaic devices which was attributed to the presence of the lower number of defects in particular electron or hole traps. However, the physical origin of such behavior has not been thoroughly investigated.
Scheme 1.
Schematic procedure for the one-step spin-coating deposition method of precursors composed from MAI and PbI 2 mixture (path 1) and powdered crystalline perovskites (path 2). exhibit very similar performance in contrast to our pioneering report in which MAPbI 3 (m) gave superior device performance. 28 Moreover, the photovoltaic parameters in forward scan are the most affected in these two devices, while there is an insignificant difference observed in backward scan ( Figure 2a ). However, MAPbI 3 (m) PSCs exhibit lower hysteresis and higher V OC compared to MAPbI 3 (s) devices. We found that the hysteresis characteristics affect the FF (forward scan) in these two devices, but this effect is more pronounced in MAPbI 3 (s) mainly at the maximum power point leading to a higher hysteresis (for statistics of ΔPCE see Figure S7 ). 34 In addition, we report the PCE evolution of the devices during a continuous operation at the In principle, considering an efficient charge transport into the perovskite absorber layer and the kinetics at interface (TiO 2 /perovskite) that facilitates charge accumulation, the net difference in J-V characteristics through scanning in the forward and backward direction is analogous to the surface property of perovskite. 35, 36 According to recent reports, the charge/ion accumulation at TiO 2 /perovskite interface is intimately responsible for the hysteresis response of the devices. 37, 38 Before exploring the charge/ion accumulation mechanism in the devices, the key parameters of solar cells such as series resistance (R S ), diode ideality factor (m) and dark reverse saturation Considering the fact that hysteresis phenomena may be related to the interfacial charge accumulation and is more prominent in MAPbI 3 (s) than MAPbI 3 (m) devices, impedance spectroscopy (IS) measurements were performed at zero bias under dark and illumination to investigate the ionic and electronic charge accumulation. As shown in Figure S8 , Nyquist spectra in the dark exhibit a high frequency semicircle related to the electronic transport followed by the low frequency line due to ionic diffusion or ionic charge accumulation. 40 We find that the Nyquist spectra of the studied devices drastically change under illumination and can be characterized by two distinguished semicircles in the high and low frequency regime. The capacitance that corresponds to ionic and electronic accumulation as a function of frequency can be obtained from the imaginary impedance and is shown in Figure 3 (c) (d) 13 whereas the peak at low frequency ~1 Hz has been associated with the ionic movement. 43, 44, 45 From the high frequency response centered at ~10 4 Hz with weak bias dependence, it could be expected that the transport and diffusion across the absorber layer or absorber/HTM interface in the studied devices are similar and cannot limit their performance. Thus, it becomes important to recognize the physical origin of high frequency spectra before assigning to the transport phenomena; thereby taking the values of R S and τ HF (from high frequency intercept of IS), the obtained capacitance equivalent to geometrical capacitance (C g ) signifies τ HF to be dominated by and 0.52 eV in MAPbI 3 (m) devices can be ascribed to the movement of iodine vacancies, as was observed by Eames et al. 49 We find that the defect density at deeper defect levels mostly located on the surface of perovskite absorber layer is nearly an order of magnitude lower in MAPbI 3 (m) based device. Thus, a significant lower defect density is consistent with the lower hysteresis These values are also consistent with the evidence for deeper energy levels (see Figure 5a ). This observation means that the use of MAPbI 3 mechanoperovskite for the thin film preparation can efficiently reduce the interfacial defect density explaining the lower hysteresis. Moreover, the built in potential were calculated by taking the intercept at X-axis and a comparable values of ~0.95 V is obtained for each of device.
CONCLUSION
In conclusion, we developed a procedure to fabricate efficient PSCs based on kHz. IMVS and IMPS measurements were done by using a frequency response analyzer (FRA) combined with Bio-Logic SP300 potentiostat. The modulation current was set to be 10% of the DC background illumination intensity. The modulated cool white-LED array (12 V, 10W) light source was driven by a galvanostatic mode of Biologic SP-300.
